In this article, we correlate the internal stress and the characteristics of a vibrational mode in wet foam. Using microscope images, we estimate the average size of the bubbles in wet foam, at specific time intervals, over a duration of twenty four hours. Raman spectra are also recorded at the same time intervals, over the same time frame. We show that the internal stress, originated from the macroscopic structural change of foam with ageing, can be related to the observed Raman shift of the low frequency methylene rocking mode of the constituent surfactant molecules in foam.
I. INTRODUCTION
Soft foam, a cellular fluid, is a two phase system. It consists of a collection of gas bubbles surrounded by thin liquid films. With time, the spherical bubbles in fresh foam take the form of polyhedra while minimizing the energy of the system. It can coarsen by the diffusion of gas from smaller bubbles to larger bubbles [1] . Furthermore, the liquid between the bubbles can drain out along the liquid channels (Plateau borders) in response to gravity. The adjacent bubbles coalesce if the liquid film becomes too thin.
Soft foam exhibits interesting elastic properties. Under low applied shear stress, foam behaves as an elastic solid. With an increase in stress it becomes progressively plastic; beyond a certain yield stress, the foam flows along with topological changes. Such characteristics of foamy structure strongly depends on bubble size and wetness [2] . Both two-and three dimensional foam can be accurately simulated using various models [3] . The computer simulation results suggest that, in the low compression limit, there exists a correlation between the shear modulus and gas/liquid fraction in the tightly packed gas bubbles [4, 5, 6, 7, 8, 9 ].
These models, therefore, reveal a connection between the complex macroscopic rheological behavior of foam and its underlying microscopic structure.
The complex foam structure is composed of extended polyatomic organic molecules (surfactants) and water. Raman spectroscopy is a powerful noninvasive tool to probe the molecular structure and dynamics of a system. In wet foam, Raman scattering is caused by deformation/stretching of different vibrational bonds of constituent molecules. Thus, if it is assumed that macroscopic and microscopic behavior of wet foam can be related, one expects that the analysis of Raman line profiles, which reveal molecular behavior, can be used to probe the elastic properties of wet foam. The stress induced shift in the Raman lines has 2 been reported for other soft matter, like soft polymers and polymer based fiber structures [10, 11] . For example, it has been shown by Ward and Young, via polarized NIR Raman measurements, that Raman bands of thermotropic aromatic copolyesters exhibit linear shifts towards lower wavenumbers with stress and strain following the tensile deformation [12] . The correlation between the architecture of the network and elastic properties of their building blocks leads to interesting mechanical properties of such systems [13] . The main difficulty in using Raman spectroscopy to probe wet foam arises due to multiple scattering of light within the bubbles. The broad and strong background due to the scattered light masks the Raman signal from the foamy structure by a large extent. Thus, in the literature, we do not find too many articles on Raman studies of wet foam. The most significant one is by Goutev and Nickolov [14] , where the authors have studied the molecular structure of Gillette foam, to some extent, using Raman spectroscopy. Recently, we have reported our results on Raman measurements in Gillette foam, where we have analyzed the evolution of the O-H vibrational bond of water molecules with ageing [15] .
In this article, we probe, using Raman scattering, how the macroscopic changes in structure of bubbles in wet foam is manifested in changes in the molecular structure of the surfactant molecules. Section II explains the reasons for the choice of our sample and also describes other experimental details. The structural changes in foam with time have been described in Section III. In Section IV, we have shown the effect of structural change in wet foam on the molecular vibrational modes of Gillette foam, as obtained from Raman measurements. We correlate the change in molecular vibrations with the evolution of internal stress and crystalline structure of foam. Finally, in Section V, we summarize our results with a few remarks. In order to obtain the optimum Raman signal, the mean free path, l ⋆ ,[ ∼ = 3.5 × average diameter of the bubbles (d)] of light within the foam should be comparable with the slit width of the spectrometer collecting the scattered light [14] . The mean diameter of bubbles in fresh Gillette shaving foam is close to 50 µm and the maximum diameter, which we have studied, is ∼ 150 µm, which is comparable with the slit-width of our spectrometer (∼ 100 µm). 
III. SHAPE AND STRUCTURE
As mentioned earlier, aging effects on foam structure can be seen through microscopy.
More precisely, we recorded the images of foam at an interval of 15 minutes in the beginning (till 12 hrs) and less frequently at the end, over 7 days. Fig.2 (a) to (f) show few characteristic microscopic images at different stages of aging. Initially, the bubbles are spherical, separated by Plateau borders touching the quartz cell wall. Subsequent snapshots show that the bubbles take on a polyhedral structure due to coarsening of the bubbles and liquid drainage.
The three-dimensional (3D) gas fraction, (φ g ), is the commonly used parameter to describe a foam. φ g can be estimated from the following relation
Here, ρ 1 and ρ 2 are the mass densities of the foam and the liquid phase (ρ 2 =0.997 gm/cc [17] ). Foam mass density was obtained from the measured weight of the foam. The variation in 3D-gas fraction with time is shown by filled square in Fig. 3(b) . The solid line is the guide to the eye. It is to be noted that the gas fraction varies for the foam expelled from different portions of the can [14] .
IV. MOLECULAR VIBRATIONAL BANDS -RESULTS AND DISCUSSION
A. Low frequency methylene rocking mode
In the Raman spectrum of Gillette foam, the time evolution of the out of plane methylene rocking modes, at around 725 cm −1 [18] , is shown in Fig. 4 . The intensity is scaled to show the variation in spectral frequency with the ageing of foam. Here, we have shown a few characteristic spectra; though we recorded the Raman spectrum over the same period and at similar intervals, as was done in the imaging experiment. This Raman line corresponds to the trans-conformation of the methylene chain. The direction of the arrow is along the increase in time (the average diameter of the bubbles increases during the ageing process).
Interestingly, the Raman shift of the peak at around 725 cm −1 exhibits a non-monotonous behavior with ageing (see the dotted red line). At this point we draw an analogy between the behavior of a solid and a foam network.
For solids, the magnitude of the shift in Raman wavenumber for the modes of quantized lattice vibration can be related to the component of the stress tensor of the system along different directions via a constant, which has the unit of frequency change per unit stress [19] . A compressive stress results in a higher wavenumber shift in the Raman line, whereas, a tensile stress shifts the Raman line in the opposite direction. To the best of our knowledge, any such study on a foamy structure is not available in the literature. Nevertheless, it is to be noted that soft matter exhibits behavior, which is, at times, closer to that of a solid. The molecular groups do move like the molecules in a simple fluid [20] . In view of these facts, we attempt to explain the non-monotonous change in Raman shift, as shown in 
Here, t ′ is a constant. In Fig. 5 Fig. 5(a) ) the increase in d with t is relatively sharp, then it gradually slows down.
When the diameter of a bubble in fresh foam fluctuates to one which is infinitesimally larger in size, the diameter of the neighboring bubble shrinks by the same amount. Due to the larger internal pressure in the smaller bubble, the air flows from it to the larger bubble.
As a result, the size of the smaller bubble decreases further in size. This phenomenon causes an increase in average bubble diameter in foam. The relatively rapid increase in diameter of the bubble in Region I in Fig. 5 (b) compresses the liquid film between bubbles, resulting in a compressive stress in the film (a 'jamming' effect), shown in Region I of Fig. 5 (a) . At this point we refer to the pioneering work by Friberg and Langlois [24] , where it has been shown that two phases can exist in wet foam. Though the liquid phase in foam is known to be isotropic at the initial stage, with ageing, the formation of lamellar phase results in the crystal-like structure in foam [14] . The small lamellae gets parallel to the interface and gradually forms a large bilayer structure. The interface of gas-liquid has a noticeable effect on this lamellar phase, more than what is observed for the isotropic phase [25] . For a spherical bubble in a liquid, the pressure difference between the gas-liquid interface normally confirms the Laplace-Young law. The Laplace pressure acting outward on the surface is given by ∆p = 4γ R , with γ being the surface tension between gas-liquid interface and R being the local radius of curvature of the surface. Due to the formation of lamellar phase in foam at a later time, the pressure acting in the film between bubbles is gradually released with an increase in R. Also note that at a later time (Region II in Fig. 5 ), the growth rate is also less. In addition, we need to keep in mind that from a wet foam liquid drains out with time. All three effects, effectively, cause a release in pressure in the film. In the above, we have tried to explain the variation of the Raman frequency of one of the strongest molecular vibrational modes of Gillette foam by taking into account the internal stress in the system. We would like to mention that, such an effect of aging on Raman shift
has not been observed for other vibrational modes in wet foam [14] . A possible explanation can be that the other features corresponding to stretching molecular vibrations, are, usually, convoluted with many other modes and therefore, this effect is masked. Moreover, the effect of internal shear (which eventually cancels out when we take ensemble average) in foam is expected to be more for angular deformation of the local bonds rather than bond stretching.
B. Characteristics of other C-H vibrations
To illustrate the time evolution of the molecular structure of Gillette foam, few characteristic Raman spectra over the range between 1000 and 1450 cm Table I . C-C stretching mode in
C-C stretching in phospholipid bilayer 1108 [14] C-C skeletal vibration in -C(CH 3 ) 3 1224 [26] C-H deformation vibration in -(CH 2 ) n 1305 [18] C-H deformation vibrations in CH 1360 [26] C-H symmetric vibration in -CH 3 1383 [26] acyl chain of polyethylene 1410 [27] From Fig CH 2 rocking with symmetric C-H stretching, the latter indirectly gets affected by the lateral packing order. On the other hand, the asymmetric C-H stretching mode is forbidden by symmetry for Fermi-resonance interactions and is thus insensitive to the lateral ordering.
Thus, one can expect that the asymmetric vibrational mode at 1305 cm −1 should depend only on chain conformation, while the symmetric vibrational mode at 1382 cm −1 should be modified by the lateral packing order. Consequently, the ratio (R1) of intensity of the feature at 1305 cm −1 to that at 1383 cm −1 can be used as a parameter which is sensitive to both the lateral packing and to conformational order within the chains. The variation of the ratio R1 with t is shown in Fig. 7 . The value of this ratio is expected to be 0.7 for completely melted hydrocarbon chains, 1.5 for vibrationally decoupled all-trans chains, and 2.2 for a highly ordered crystalline lattice [28] . From Fig. 7 it is clear that the surfactant molecules undergoes a gradual structural change with time. After ∼ 40 mins the value of R1
reaches the value ∼ 1.6, indicating that the constituent molecules are in trans conformation, however gradually they organize into an ordered multilayer or crystal structure (with R1 = 14 2.1).
V. SUMMARY
As far as we know, this is the first report where Raman spectroscopy has been used to determine the internal stress in wet foam. In other words, here we have shown that Raman spectroscopy has the potential to extract information about internal stress in the system. We have related the observed shift in the low frequency Raman peak position of the methylene rocking mode with the variation in internal stress in the system.
The composition of commercial shaving foams is quite complex and its physico-chemical properties are ill defined. Though, our method can be used as a quick and noninvasive tool to measure the strain and hence, the stability, of a commercial foam; it is worth to check the above claim for simple foamy material with well controlled composition, specially made in a laboratory. Further, experiments on known surfactants will also indicate if the observed behavior of the wet foam originates from the characteristics of the surfactant itself or from its foamy structure.
VI. ACKNOWLEDGEMENTS

